Introduction
Hetero-oligomeric protein complexes play key roles in most cellular processes. Examples include histones that pack DNA [1, 2] , the mediator complex [3] and RNA polymerase [4, 5] that carry out transcription, the spliceosome [6] [7] [8] and exosome [9,10] that edit and degrade mRNA, and the ribosome [11] [12] [13] , CCT/TRiC [14] and proteasome [15] that mediate protein synthesis, folding and degradation, respectively. Other examples for heterooligomeric protein assemblies are the nuclear pore complex [16, 17] and translocon [18] that facilitate transport between cellular compartments. Impressive X-ray crystallography and electron microscopy studies have led to the determination of the structures of many of these assemblies and revealed their specific and non-overlapping subunit compositions. It has, therefore, been reasonable to expect that the protein components of each complex display 'functional coherence', that is, that they share similar physical, genetic and evolutionary properties. Surprisingly, however, such functional coherence is often not observed (Figure 1) . Here, we review recent observations of such lack of coherence and discuss possible explanations that can account for it.
Limited functional coherence of subunits within complexes
Lack of coherence in levels of protein abundance
It is reasonable to expect that the relative cellular abundances of the different components of complexes should match their stoichiometries, because a shortage in any component (or even a surplus [19] ) may impair the formation of the entire complex. However, many recent studies indicate that this is not the case. For example, the protein MotB forms part of the flagellar motor of Escherichia coli but is also found in a $10-fold molar excess as a non-flagellar associated species in the membrane [20] . Analysis of the Mycoplasma pneumoniae proteome has also revealed such mismatches, for example, in the case of some ribosomal subunits that were found to differ in their abundances by over 20-fold [21 ] . Imbalances of subunit abundances have also been observed in human cells, with up to 4-fold differences between ribosomal proteins [22] , 75% differences between subunits of the CCT complex [22] , and a 4-fold difference between the 20S and 19S sub-complexes forming the 26S proteasome [23 ] . Another example is the human spliceosome that is formed by stoichiometric amounts of the sub-complexes U1, U2, U4, U5, and U6 but U1 is found in comparatively larger amounts in the cell [24, 25] . Other examples for such mismatches in the case of Saccharomyces cerevisiae are illustrated in Figure 1 .
Lack of coherence in transcriptional regulation
A corollary of the anticipated coherence in subunit abundances is that the components of a complex should also be transcriptionally co-regulated so that their concentrations vary in a similar fashion across conditions. This is expected especially in cases of permanent complexes [26] that are often formed by subunits that are not stable in isolation. It has indeed been found that subunits in permanent complexes are regulated more coherently than those in transient complexes [27, 28] . In general, however, the transcriptional co-regulation of subunits in both permanent and transient complexes is often found to lack coherence [27, [29] [30] [31] [32] [33] . For example, Tan et al. [34] reported that the subunits of only 9 out of 78 complexes in the MIPS repository [35] share a significant association to a particular transcription factor. Likewise, Simonis et al.
found that less than half of the 113 complexes investigated exhibit a significant co-regulation [28] , that is, more than half of their subunits are co-expressed under a majority of conditions.
Lack of coherence in phylogenetic profiles
If a number of proteins function exclusively in the context of a given complex, then organisms would be expected to encode in their genomes the genes for either all or none of them [36, 37] . In other words, proteins forming a complex should exhibit coherent phylogenetic profiles. This rationale has in fact been applied successfully to identify functional relationships between proteins [38] . Recent data show, however, that the subunits in more than half of the complexes of S. cerevisiae display a pattern of presence and absence across species that is similar to random expectation [39 ] , thereby suggesting that subunits are able to function with different partners during evolution. Consistent with this view is the finding that protein complexes evolve in a stepwise fashion, that is, subunits rather than the entire complex tend to duplicate [40] and subunit losses are frequent [41] .
Lack of coherence in genetic interactions
If two proteins are essential for one particular function, they should exhibit a positive genetic interaction. In other words, deletion of the gene for either protein should have the same impact on the organism's fitness as the deletion of both genes together [42] . Assuming that (i) all the proteins in a complex are required for its function and that (ii) they do not participate in any other function, one may expect that they should exhibit positive genetic interactions. A recent and comprehensive analysis of yeast double null mutants showed, however, that only 5% of interacting proteins exhibit a positive interaction and that a slightly larger fraction (7%) actually exhibits a negative interaction, thereby suggesting functional redundancy of interacting proteins [43 ] . In another study, Baryshnikova et al. focused on 161 protein complexes for which genetic interactions have been tested for at least two pairs of subunits [44 ] . Of these, 92 were enriched in genetic interactions being either mostly positive (45%), mostly negative (37%), or both (18% Subunit stoichiometries of protein complexes often do not match their cellular abundances. The structures of three hetero-oligomeric molecular machines are shown above the bar-plots of the cellular abundances of the respective subunits forming them. The subunits that are expressed the most above or below the level expected based on their stoichiometry in the complex are highlighted in blue and red, respectively. Values were extracted from the Pax-db database of protein abundances using the S. cerevisiae integrated dataset as of January 2014 [100 ] . In the case of the exosome, most of the subunits have abundances in the range of 45-55 ppm with the exception of RRP40 and CSL4, the latter being about twice more abundant. The CCT/TRiC complex exhibits more variability with subunit abundances ranging from 95 ppm for CCT1 to 247 ppm for CCT4. The 26S proteasome exhibits even more variability, both within the 19S cap (RPN3 is 33 ppm and RPT4 is 523 ppm) and 20S core sub-complex (PRE2 is 18.9 ppm and PUP2 is 493 ppm).
genetic interactions and those expected based on assumptions (i) and (ii) above, thereby indicating that they are often wrong.
Subunit multi-functionality can account for the lack of coherence
One explanation for the lack of functional coherence among subunits forming a complex is their involvement in additional activities, independent of the complex itself. In fact, some subunits are shared between complexes, and these subunits exhibit less coherence both in terms of their abundance [32] and in terms of their phylogenetic profile [48 ] . In general, proteins performing additional activities are referred to as 'moonlighting' [49] (alluding to a second 'midnight' job), or as 'multitasking' [50] [51] [52] [53] . We often assume that each protein has just one function and one cellular location, perhaps because the different parts of man-made machines are usually held together permanently, but this assumption can be misleading since natural selection is likely to favor any new interaction that increases the fitness of an organism. Such new interactions are more likely to arise between proteins that are colocalized [54] but they can also form between nonlocalized proteins if their concentrations are high enough [55 ] or if a low concentration of the newly formed complex confers some advantage (Figure 2 ). Histones, for example, are mostly known for their role in packing DNA by forming nucleosomes in eukaryotic cells. However, Brix et al. showed that tyroglobulin, a secretory protein of thyroid epithelial cells, binds histone H1 that is presented on the cell surface of macrophages [56] . This interaction stimulates the release of thyroid hormones by macrophages and the initiation of paracrine interactions between macrophages and hepatocytes. Interestingly, a number of additional cases have since been characterized in which histones appear to mediate cell surface interactions [57, 58] . Another example for a nuclear protein that is involved in cell surface interactions is human CD2BP2, which is part of the spliceosome but was also found to bind to the cell surface receptor CD2, thereby regulating T lymphocytes activation [59, 60] .
There are also examples of proteins considered to be nonnuclear that are found to be active in the nucleus. For example, actin is typically known for its structural role in the cytoplasm, but is also actively transported to the nucleus by importin 9 [61] where it participates in chromatin remodeling [62] and transcription [63] . A second example is Ski8 that is part of the Ski complex (which initiates exosome-mediated RNA decay in the cytoplasm) but also binds Spo11 in the nucleus to mediate the recruitment of factors for double-strand break formation during meiosis [64, 65] . A third example is the 19S regulatory cap of the proteasome that was found to have additional non-proteolytic activities inside the nucleus [66] [67] [68] . Given that nuclear proteins have been found to carry out extra-nuclear functions and vice versa, it is not surprising that the nuclear pore complex is found to sit at the crossroads of several cellular processes and is rich in functions [69] . A recent example is Nup170 that is a component of the nuclear pore complex but is also involved in chromatin remodeling and gene silencing [70] .
The largest range and diversity in moonlighting activities is probably exhibited by the type-I cpn60 family of chaperones [71] . For example, chaperonins are found on the cell surface of more than 20 bacteria [71] although their main function is believed to be mediating intracellular protein folding. Subunits of the hetero-oligomeric CCT/TRiC, a type II chaperonin, may also have moonlighting activities as suggested by the observation that overexpression in S. cerevisiae of individual subunits of CCT/TRiC can suppress abnormal phenotypes caused by diverse mutations in other yeast proteins [72] . Moonlighting activities may also account, in part, for the observation that equivalent mutations in the different subunits of CCT/TRiC have very different phenotypic , is plotted as a function of the concentration of A, with the concentration of B being fixed at 1 mM. The range of abundances chosen is based on those that are present in S. cerevisiae. A 30 mm 3 cell contains $10 8 proteins [101] , with the most abundant ones being present in $10 6 copies, equivalent to $55 mM. The orange line shows that a given concentration of complex can be obtained from different combinations of dissociation constants, K d , and abundances. A consequence of this is that the surfaces of highly abundant proteins have evolved to be non sticky so that formation of undesired interactions is minimized [102 ,103 ] . The concentrations of complex were calculated using the equation at the top. 
Lack of coherence can enhance complex assembly
Biophysical factors can also account for the absence of coherence in subunit abundances. The concentration of a complex between two proteins depends on their total concentrations and on their affinity. An increase in the concentration of one component (and decrease in the coherence) can, therefore, be beneficial to a cell as the amount of complex formed can increase substantially if the affinity is low (Figure 2 ). Several factors can determine which of the subunits it is most beneficial for the cell to overexpress. If a particular subunit, A, is aggregation-prone and its folding is strongly coupled to its binding to a second subunit, B, then overexpressing B relative to A would enhance complex formation and minimize aggregation that is often harmful to cells. In cases of multi-subunit complexes, the relative abundances of the different subunits may also be determined, in part, by the order of subunit assembly. In such complexes, the interface area between any pair of subunits can be relatively small and the concentrations of the subunits that assemble first may, therefore, need to be higher [77 ] . Peripheral subunits that bind last [78,79] can also display a lack of coherence as they tend to have less effect on complex stability than core subunits [80 ] . In the case of the spliceosome, for example, the large stoichiometric excess of U1 [24] may enhance the weak nature of the recognition event that initiates spliceosome assembly between U1 snRNA 5 0 and the 5 0 splice site of an intron [25] . Interestingly, the excess of U1 also serves another function by facilitating formation of binary complexes with mRNAs, thereby inhibiting the premature cleavage and polyadenylation of the mRNAs [24] .
Concluding remarks
Owing to the stochastic nature of many cellular processes including transcription [81 ] , there are cell-to-cell variations in the levels of protein subunits that range from $10% to $40% [82] . Biological systems have, therefore, evolved so that protein complexes can form under the constraint of such stochastic changes. Beyond these stochastic changes, the lack of coherence in various properties of subunits in complexes may reflect moonlighting activities and optimization of the process of complex assembly (Figure 3 ). Changes in subunit abundances can also serve as a way to regulate the function of a complex. For example, De Lichtenberg et al. showed that the function of many complexes during the cell cycle is abolished by the destruction of a single or few subunits [83] . A future challenge will, thus, be to determine how subunit abundances vary as a function of time [ ]. Given that many hetero-oligomeric complexes have evolved from homo-oligomeric complexes [97] [98] [99] that, by definition, are coherent, it will be interesting to try to Schematic description of a mismatch between subunit stoichiometries and abundances. A graph representation of a complex is shown to the left of its quaternary structure representation. Subunit stoichiometries are given in the left bar-plot. The right bar-plot of the observed cellular abundances shows that the red subunit is found in higher amounts than expected from the stoichiometry. Two possible scenarios that may explain such a discrepancy are that the red subunit has additional functions or that its assembly requires a higher concentration relative to its stoichiometry.
construct phylogenetic trees based on the extent of deviation from coherence that is expected to be largest in the most recently evolved complexes. . Hetero-oligomeric complexes are analyzed and shown to assemble via specific pathways that tend to be conserved during evolution. It is also shown that these pathways can be predicted from the atomic structure, thereby highlighting that structures of protein complexes in the PDB can provide a wealth of information beyond their static atomic coordinates. 
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